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Myristoylation is critical for membrane association of Src kinases, but a role for myristate in regulating
other aspects of Src biology has not been explored. In the c-Abl tyrosine kinase, myristate binds within a
hydrophobic pocket at the base of the kinase domain and latches the protein into an autoinhibitory confor-
mation. A similar pocket has been predicted to exist in c-Src, raising the possibility that Src might also be
regulated by myristoylation. Here we show that in contrast to the case for c-Abl, myristoylation exerts a positive
effect on c-Src kinase activity. We also demonstrate that myristoylation and membrane binding regulate c-Src
ubiquitination and degradation. Nonmyristoylated c-Src exhibited reduced kinase activity but had enhanced
stability compared to myristoylated c-Src. We then mutated critical residues in the predicted myristate binding
pocket of c-Src. Mutation of L360 and/or E486 had no effect on c-Src membrane binding or localization.
However, constructs containing a T456A mutation were partially released from the membrane, suggesting that
mutagenesis could induce c-Src to undergo an artificial myristoyl switch. All of the pocket mutants exhibited
decreased kinase activity. We concluded that myristoylation and the pocket residues regulate c-Src, but in a
manner very different from that for c-Abl.

Src family kinases (SFKs) are nonreceptor tyrosine kinases
that act as key mediators of cellular signal transduction (12).
The nine SFK members, Src, Yes, Fyn, Hck, Lck, Lyn, Blk, Fgr,
and Yrk, play crucial roles in cellular proliferation, survival,
migration, and growth factor and cytokine stimulation path-
ways (26, 39, 56). All SFKs share a similar domain arrange-
ment, consisting of SH3, SH2, and kinase (SH1) domains as
well as a unique domain and a membrane-targeting SH4 region
at the N terminus (11). Crystal structures have shown that the
catalytic activity of SFKs is tightly regulated by autoinhibition.
The SH3 domain binds to a polyproline region in the linker
between the SH2 and kinase domains, and the SH2 domain
binds to a phosphotyrosine residue (Tyr527 in avian c-Src)
near the C terminus. Kinase activation can be achieved by
displacing one or all of the autoinhibitory interactions (52,
59, 60).

All SFKs are myristoylated at the N terminus (47). Myris-
toylation occurs cotranslationally and is catalyzed by the en-
zyme N-myristoyl transferase (NMT) (19). The 14-carbon sat-
urated fatty acid myristate is covalently attached to the
N-terminal glycine residue via an amide bond, making myris-
toylation an essentially irreversible modification (44, 48, 49).
Myristoylation is necessary but not sufficient to anchor a pro-
tein to the membrane, and membrane binding of myristoylated
proteins requires a second signal. For Src, the second signal is
a polybasic cluster of amino acids that interacts with acidic
phospholipids on the inner leaflet of the membrane bilayer (34,
35, 44, 46, 53). Nearly all other SFKs are instead modified by
attachment of the 16-carbon saturated fatty acid palmitate to

cysteine residues 3 and 5 or 6 at the N terminus (48). Myris-
toylation and palmitoylation together form a “dual signal”
motif that targets SFKs to membranes.

Membrane binding is crucial for cellular functions mediated
by Src and other SFKs. Nonmyristoylated forms of Src are
cytoplasmic and cannot induce cellular transformation (14, 28,
29, 33). Membrane localization of c-Src has been shown to be
important for dephosphorylation of Tyr527 and for mitotic
activation of c-Src kinase activity (8), presumably because the
phosphatase that acts on Tyr527 is membrane bound. Myris-
toylation has also been proposed to play a role in regulating
nuclear transport of c-Src (17).

For some myristoylated proteins, the myristate moiety can
exist in two different conformational states, either sequestered
inside a hydrophobic pocket within the protein or exposed and
available for membrane binding (44, 48). Binding to a ligand or
another protein can cause a switch from one state to another,
resulting in membrane association or dissociation. “Myristoyl
switch” mechanisms have been identified in a variety of myr-
istoylated proteins, including recoverin and HIV-1 Gag (4–6,
43, 45, 55). In the c-Abl tyrosine kinase, a “myristoyl phospho-
tyrosine” switch is operative. Myristate binds within a hydro-
phobic pocket at the base of the c-Abl kinase domain, docking
the SH2 domain against the kinase domain in such a way that
it prevents activation of the kinase by phosphotyrosine ligands
(22, 36). A similar pocket is predicted to exist at the base of the
c-Src kinase domain, raising the possibility that c-Src in the
autoinhibited form might be capable of binding its own N-
terminal myristate group in a manner similar to that of c-Abl
(16). To date, only nonmyristoylated, N-terminally truncated
forms of c-Src have been crystallized, and the position of the
myristate within the full-length c-Src protein is not known. A
recent study provided support for the existence of a potential
myristate binding pocket within c-Src (16). Exogenous addition
of myristate to the Tyr527-phosphorylated form of nonmyris-
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toylated c-Src induced chemical shift changes in the nuclear
magnetic resonance (NMR) spectra for both the protein and
the fatty acid. However, the site of myristate binding was not
determined. Thus, it is still not known how or if myristate
regulates c-Src kinase activity and whether the predicted my-
ristate binding pocket functions within c-Src in a manner sim-
ilar to that of c-Abl.

In this study, we directly analyzed the role of myristoylation
in regulating c-Src kinase activity and tested whether residues
in the predicted myristate binding pocket contribute to myris-
tate binding and/or c-Src activity. Here we show that myris-
toylation plays a positive role in regulating c-Src kinase activity.
In contrast to c-Abl, nonmyristoylated c-Src exhibits reduced
kinase activity both in vitro and in cells. We also made the
surprising finding that the myristoylation status of c-Src deter-
mines its intracellular stability by regulating c-Src ubiquitina-
tion and degradation of the E3 ligase Cbl. Lastly, we analyzed
the role of the predicted myristate binding pocket at the base
of the c-Src kinase domain. Mutations in the pocket region
resulted in decreased kinase activity and, with the exception of
one mutation (Thr456Ala), had no effect on membrane bind-
ing of c-Src. We concluded that c-Src kinase activity is regu-
lated by myristoylation, but in a different manner from that of
c-Abl, and that a “myristoyl switch” is unlikely to be operative
within c-Src.

MATERIALS AND METHODS

Reagents and antibodies. Rabbit polyclonal anti-c-Src (N-16), anti-caveolin-1
(N-20), anti-Cbl (C-15), and anti-Cas (C-20), mouse monoclonal anti-pTyr
(PY99), anti-Lck (3A5), and anti-Lyn (44), and protein A/G plus agarose were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Polyclonal
rabbit antiactin antibody, rabbit muscle enolase, and 2-hydroxymyristate (2-
OHMyr) were purchased from Sigma (St. Louis, MO). Rabbit anti-phospho-c-
Src (Y416) and anti-phospho-c-Src (Y527) antibodies were purchased from Cell
Signaling Technology (Danvers, MA). Mouse monoclonal anti-Src antibody
(clone GD11) was purchased from Millipore. Mouse monoclonal anti-Fyn and
anti-Cbl antibodies were purchased from BD Transduction Laboratories (San
Diego, CA). Mouse monoclonal antihemagglutinin (anti-HA; 12CA5) antibody
was purchased from Roche. Tran35S Cys/Met was purchased from MP Biomedi-
cals (Solon, OH). [�-32P]ATP and Na125I were purchased from Perkin Elmer
(Waltham, MA).

Plasmid construction, cell culture, and transfection. Plasmids encoding mo-
nomeric c-SrcEYFP have been described previously (18). pCMV5 plasmids en-
coding G2A, 5N, Y527F/5N, Y527F/G2A, K295R, L360A, T456A, E486A,
L360A/T456A, L360A/E486A, T456A/E486A, and L360A/T456A/E486A mu-
tants of chicken c-Src were generated by site-directed mutagenesis, using a
QuikChange mutagenesis kit (Stratagene). All constructs and mutations were
confirmed by DNA sequencing. A plasmid encoding hemagglutinin (HA)-ubiq-
uitin was a gift from Xuejun Jiang (Sloan Kettering Institute, NY). A plasmid
encoding HA-Cbl was a gift from Dafna Bar-Sagi (New York University, NY). A
baculoviral plasmid encoding wild-type (WT) Cas and SYF cells (Src/Yes/Fyn
null) were gifts from Todd Miller (State University of New York at Stony Brook,
NY). COS-1 and SYF cells were grown and maintained as described previously
(18, 31). Cells were transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Plasmid DNA amounts of 2 to 5 �g were used
for transfecting cells in 100-mm tissue culture dishes.

Western immunoblotting and immunoprecipitation. COS-1 cells were lysed in
1� RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxy-
cholate, 0.1% SDS, 1 mM EDTA, 1 mM Na3VO4) containing 10 mg/ml aproti-
nin, 10 mg/ml leupeptin, and 250 mg/ml 4-(2-aminoethyl) benzene sulfonyl flu-
oride (AEBSF). SYF cells were lysed in EB�� buffer as described previously
(31). Lysates were cleared by centrifugation at 100,000 � g at 4°C for 10 min.
Protein concentrations were measured using a DC protein assay kit (Bio-Rad),
and equal amounts of protein were loaded into the gel. Immunoprecipitation was
carried out by incubating equal amounts of lysates with antibody at 4°C over-
night. Samples were centrifuged, washed three times with cold lysis buffer,

resuspended in 2� SDS-PAGE sample buffer, and boiled. For the detection of
ubiquitinated Src, RIPA lysates or equal volumes of the soluble fraction (S100)
and the pellet fraction (P100) were mixed with 1% SDS, vortexed, and boiled.
Lysates were then diluted 5-fold with TBS (50 mM Tris, pH 7.5, 120 mM NaCl)
and centrifuged at 100,000 � g for 30 min. Cleared lysates were used for
overnight immunoprecipitation, using a homemade rabbit polyclonal anti-Src or
anti-Fyn antibody (produced in the Resh lab). Total cell lysates or immunopre-
cipitated samples were loaded into 8% or 10% SDS-PAGE gels and transferred
to polyvinylidene difluoride (PVDF) membranes, and immunoblotting was per-
formed with the appropriate antibodies. Proteins were detected using secondary
antibodies conjugated to horseradish peroxidase and Pierce enhanced chemilu-
minescence (Thermo Scientific, IL). Western blots were scanned and quantified
using a Bio-Rad GS800 scanning densitometer and QuantityOne software.

2-Hydroxymyristate treatment and metabolic labeling. Transfected COS-1
cells were treated with 2-hydroxymyristate as described previously (57). Briefly,
cells were preincubated with 1 mM 2-hydroxymyristate in Dulbecco’s modified
Eagle’s medium (DMEM) containing 1% defatted bovine serum albumin (BSA)
for 2 h at 37°C. DMEM containing 5% fetal bovine serum (FBS) was then added,
followed by overnight incubation with 500 �M 2-hydroxymyristate. 35S pulse-
chase and synthesis analyses were performed at 22 to 24 h posttransfection.
Transfected COS-1 cells were starved for 1 h in DMEM without cysteine and
methionine [DMEM (�Cys/�Met)] supplemented with 2% dialyzed FBS. For
pulse-chase experiments, cells were pulsed for 15 to 20 min with DMEM (�Cys/
�Met) containing 50 �Ci/ml Tran35S label at 37°C and then chased for various
times with DMEM containing 10% FBS and an excess of unlabeled cysteine and
methionine. For the 35S-labeled protein synthesis assay, cells were starved as
described above and then labeled with 50 �Ci/ml Tran35S label at 37°C for
various times. At each time point, cells were lysed in RIPA buffer, and lysates
were immunoprecipitated and subjected to phosphorimaging as described pre-
viously (18). Synthesis and radiolabeling of 13-[125I]iodotridecanoic acid have
been described previously (41), and radioiodinated fatty acid labeling was carried
out as described previously (3). For metabolic labeling assays, phosphorimaging
screens were analyzed on a FLA-7000 phosphorimager (Fuji) and quantitated
using ImageGauge software.

In vitro kinase assay. COS-1 cells were lysed in lysis buffer (10 mM Tris, pH
7.2, 100 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% deoxycholate) containing
protease inhibitors. Lysates were cleared by centrifugation at 100,000 � g at 4°C
for 10 min. Protein concentration was measured using a DC protein assay kit
(Bio-Rad), and immunoprecipitation was performed by incubating equal
amounts of lysates with a rabbit polyclonal anti-Src antibody (produced in the
Resh lab) and protein A/G plus agarose overnight at 4°C. Samples were centri-
fuged and then washed three times with cold lysis buffer and twice with kinase
assay buffer (20 mM HEPES, pH 7.4, 5 mM MgCl2, 5 mM MnCl2) containing 1
mM Na3VO4. Protein A/G-agarose beads were resuspended in kinase assay
buffer and incubated at 30°C with 5 �g acid-denatured rabbit muscle enolase or
0.5 to 1 �M Ni-nitrilotriacetic acid (Ni-NTA)-purified wild-type Cas (40), 100
�M unlabeled ATP, and 5 to 10 �Ci [�-32P]ATP per reaction mixture. At various
time points, the reaction was stopped by adding 2� SDS-PAGE sample buffer
and boiling the samples. Samples were resolved in 10% SDS-PAGE gels, stained
with Coomassie blue to ensure equal loading of enolase and Cas, dried, and
exposed to X-ray film (Kodak) or a phosphorimager screen for 12 to 24 h.
Phosphorimaging screens were analyzed on a FLA-7000 phosphorimager (Fuji)
and quantitated using ImageGauge software.

Cell fractionation. Cell fractionation was carried out as described previously, with
minor modifications (58). Briefly, COS-1 cells cotransfected with plasmids encoding
c-Src and NMT were analyzed at 44 to 46 h posttransfection. Cells were washed with
cold STE buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 1 mM EDTA), resuspended
in hypotonic buffer (10 mM Tris-HCl, pH 7.2, 0.2 mM MgCl2) supplemented with
protease inhibitors, and incubated on ice for 10 min, followed by homogenization
with 30 strokes in a 1.5-ml Dounce homogenizer with a tight pestle or by sonication
with two pulses of 30 s each. The homogenate was adjusted to 250 mM sucrose and
1 mM EDTA and centrifuged for 30 to 45 min at 100,000 � g (50,000 rpm in a TLA
100.2 rotor) or 200,000 � g (100,000 rpm) in an Optima TL ultracentrifuge (Beck-
man Instruments, CA). The pellet (P100), containing total cellular membranes, was
resuspended in 1� RIPA buffer supplemented with protease inhibitors, and the
soluble fraction (S100) was supplemented with a 0.2 volume of 5� concentrated
RIPA buffer. Samples were incubated for 15 to 30 min on ice and clarified by
centrifugation for 15 min at 100,000 � g. Equal volumes of the S100 and P100
fractions were loaded into 10% SDS-PAGE gels, and immunoblotting was per-
formed with the appropriate antibodies.

Indirect immunofluorescence assay. COS-1 cells were split at 24 h posttrans-
fection onto 22- by 22-mm coverslips, placed in 6-well dishes, and analyzed for
c-Src expression at 48 h posttransfection as described previously (18), using
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anti-c-Src (N-16) antibody. Coverslips were mounted onto microscope slides by
use of Prolong Gold antifade reagent (Molecular Probes). Images were obtained
on a Zeiss LSM510 confocal microscope equipped with an Axiovert 100 M
inverted microscope, using a �63, 1.2-numerical-aperture water immersion lens.

RESULTS

Nonmyristoylated c-Src exhibits higher levels of expression
than myristoylated c-Src. To determine the role of myristoyl-
ation in modulating Src structure and function, COS-1 cells
and SYF (Src/Yes/Fyn null) fibroblasts (31) were transfected
with plasmids encoding WT and various mutant forms of c-Src.

Steady-state expression levels were strikingly different for the
different c-Src constructs. Compared to levels of WT c-Src
(c-SrcWT), the expression level of c-SrcY527F, an activated
mutant in which the negative-regulatory Tyr527 residue is mu-
tated to phenylalanine, was 4- to 5-fold lower (Fig. 1A and B),
consistent with findings of previous reports (23). Decreased
expression of c-SrcY527F was likely due to its increased kinase
activity, as levels of the catalytically inactive c-SrcK295R con-
struct were equivalent to those of c-SrcWT. In contrast, the
levels of nonmyristoylated (G2A) forms of c-Src and
c-SrcY527F were 4-fold and 6-fold higher than those of

FIG. 1. Steady-state levels of WT and mutant Src family kinases. (A) COS-1 or SYF cells were transfected with the indicated c-Src constructs,
and at 44 to 46 h posttransfection, cell lysates were analyzed by Western blotting, using anti-c-Src, anti-phospho-c-SrcY527, and antiactin
antibodies. (B) Quantification of c-Src expression levels in COS-1 cells, as determined by Western blotting, normalized to c-SrcWT expression (set
to 1). Combined data from three independent experiments are shown. Error bars represent standard deviations. (C) Subcellular distribution of
c-SrcWT and mutants. COS-1 cells cotransfected with the indicated c-Src constructs and NMT were subjected to cell fractionation. Equal volumes
of the soluble (S) and membrane pellet (P) fractions were analyzed by Western blotting, using anti-c-Src and anti-caveolin-1 antibodies. (D and
E) Steady-state levels of Src family kinases after 2-hydroxymyristate treatment. COS-1 cells transfected with the indicated constructs were treated
overnight with 2-hydroxymyristate or dimethyl sulfoxide (DMSO), and cell lysates were analyzed by SDS-PAGE and Western blotting with
appropriate antibodies. (F) Quantification of the experiment in panel E. For each kinase, the steady-state level after 2-hydroxymyristate treatment
is shown relative to the DMSO control level, which was set to 1. The averages for three independent experiments are shown. Error bars represent
standard deviations.
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c-SrcWT and c-SrcY527F, respectively (Fig. 1A and B). Similar
results were obtained for the nonmyristoylated mutant of an-
other Src family kinase member, Fyn (see Fig. 5A) (3). These
findings suggest that nonmyristoylated forms of c-Src might
have more stability than their myristoylated counterparts.

The extent of membrane association was determined for WT
and mutant c-Src proteins (Fig. 1C). Nearly 80 to 90% of WT,
Y527F, and K295R c-Src proteins were localized to the mem-
brane fraction, indicating that the activation state of c-Src does
not influence the overall extent of membrane binding. In con-
trast, G2A c-Src and Y527F/G2A c-Src exhibited a predomi-
nantly soluble distribution.

Steady-state levels of Src family kinases are increased by
treatment with 2-hydroxymyristate. Treatment with 2-OHMyr,
a potent inhibitor of NMT (38), can be used as an alternative
method to block myristoylation in cells. When COS-1 cells
were transfected with c-SrcWT or c-SrcY527F and then
treated with 2-OHMyr (57), levels of both c-SrcWT and
c-SrcY527F (Fig. 1D) were elevated. An increase in the level of
another Src family kinase, Fyn, was also observed in 2-OHMyr-
treated cells, whereas little to no change was observed for Lck
and Lyn (Fig. 1E and F). These findings establish that myris-
toylation regulates the expression levels of at least two Src
family kinases.

Nonmyristoylated c-Src is degraded more slowly than wild-
type c-Src. We next sought to determine whether the increased
steady-state level of nonmyristoylated c-Src was due to alter-
ations in protein synthesis or degradation. Pulse-chase analysis
was carried out using COS-1 cells transfected with c-SrcWT or
c-SrcG2A. The half-life of c-SrcG2A (�11.5 h) was longer than
that of c-SrcWT (�7 h) (Fig. 2A), whereas the rates of syn-
thesis for the two proteins were equivalent (Fig. 2B). These
findings suggest that slower degradation, but not increased
synthesis, might account for the observed increase in c-SrcG2A
protein levels.

Active but not nonmyristoylated forms of c-Src are targeted
for ubiquitination. Earlier studies reported that activated
forms of Src kinase serve as targets for the ubiquitin-mediated
degradation pathway (21, 23). We wished to determine
whether the myristoylation state of c-Src affects ubiquitination.
SYF fibroblasts as well as COS-1 cells were cotransfected
with or without HA-tagged ubiquitin and either empty vec-
tor or cDNA encoding c-SrcWT, c-SrcG2A, c-SrcY527F, or
c-SrcY527F/G2A. c-Src was immunoprecipitated from the ly-
sates and probed with anti-HA and anti-Src antibodies. Ubiq-
uitinated forms of c-SrcY527F were readily detectable in the
anti-HA immunoprecipitates, as a smear of high-molecular-
weight bands, in both COS-1 (Fig. 3A) and SYF (data not
shown) cells. Ubiquitinated forms of c-SrcWT were also ob-
served, consistent with the fact that c-SrcWT maintains basal
levels of kinase activity. In contrast, few to no high-molecular-
weight bands were observed for the nonmyristoylated mutants
c-SrcG2A and c-SrcY527F/G2A, despite the fact that the latter
construct retains the activating mutation at Tyr527 (Fig. 3A).
These data suggest that the myristoylation status influences
ubiquitin-mediated degradation of Src kinases.

Nonmyristoylated c-Src is not subject to Cbl-mediated
downregulation and is defective in targeting Cbl for degrada-
tion. Previous reports have shown that c-Cbl can act as an E3
ubiquitin ligase for downregulation of Src kinases (7, 20). In

order to examine the interplay between c-Src and Cbl, COS-1
cells were cotransfected with or without HA-tagged Cbl and
cDNAs encoding either WT or mutant forms of c-Src. With
coexpression with Cbl, decreases were detected in c-SrcWT
and c-SrcY527F levels, but no change in either c-SrcG2A or
c-SrcK295R levels was apparent (Fig. 3B, top panels). The
effects of c-Src expression on Cbl were much more dramatic.
Levels of Cbl were drastically reduced when c-SrcWT was
coexpressed and were reduced even further when the activated
mutant c-SrcY527F was coexpressed. In contrast, coexpression
of either c-SrcG2A or c-SrcK295R with Cbl had no effect on
Cbl levels (Fig. 3B, middle panels), suggesting that myristoyl-
ation and Src kinase activity are required for Cbl degradation.

Pulse-chase analysis was carried out to analyze Cbl stability.
The half-life of Cbl was �5.5 h in the presence of c-SrcWT
(Fig. 3C) but was appreciably longer, �8 to 8.5 h, when Cbl
was expressed either alone or in the presence of c-SrcG2A.

FIG. 2. Synthesis and degradation rates of WT and nonmyristoy-
lated c-Src. (A) COS-1 cells were transfected with the indicated c-Src
constructs. At 22 to 24 h posttransfection, cells were pulse labeled for
15 to 20 min in DMEM containing Tran35S-labeled cysteine-methi-
onine and chased in nonradioactive medium for the indicated times. At
each time point, c-Src was immunoprecipitated from the cell lysates,
and the amount of labeled c-Src was quantified and plotted relative to
the amount of c-Src at time zero (100%). Average data for 2 indepen-
dent experiments performed in duplicate are shown. (B) COS-1 cells
transfected with the indicated c-Src constructs were pulse labeled with
medium containing Tran35S-labeled cysteine-methionine for the indi-
cated times, c-Src was immunoprecipitated, and the amount of labeled
c-Src was quantified and plotted as a function of time. The inset shows
autoradiographs for time points between 10 and 30 min. Representa-
tive data from experiments performed at least two times in duplicate
are shown.
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These findings indicate that nonmyristoylated c-Src is neither
downregulated by Cbl nor capable of targeting Cbl for degra-
dation.

Membrane association is necessary for ubiquitination of
SFKs. We next set out to determine whether the effect of
myristoylation on c-Src stability and ubiquitination was due to
a direct effect of the myristate moiety on c-Src or the result of
the ability of myristate to promote targeting of c-Src to the
membrane. To distinguish between these two models, we an-
alyzed a c-Src mutant that maintains the N-terminal myristoyl-
ation site but lacks the second, polybasic membrane targeting

signal (34, 35, 44, 46, 53). This construct, c-Src5N, has 5 of the
6 basic residues in the N-terminal region of c-Src (Lys5, Lys9,
and Arg14, -15, and -16) mutated to Asn; Lys7 is known to be
critical for myristoylation of Src (30) and was not mutated.

WT and mutant forms of c-Src were expressed by transient
transfection in COS-1 cells. Compared to c-SrcWT, c-Src5N
showed increased levels of expression, similar to those of the
G2A mutant (Fig. 4A). Radiolabeling of the cells with 125I-
IC13, a radioiodinated myristate analog (41), revealed that
c-Src5N was myristoylated, but only 30 to 40% as efficiently as
c-SrcWT (Fig. 4B). It has been shown previously (57) that

FIG. 3. Ubiquitination, steady-state levels, and stability of myristoylated and nonmyristoylated c-Src. (A) COS-1 cells were transfected with the
indicated c-Src constructs, either alone or with HA-tagged ubiquitin. At 48 h posttransfection, cells were treated with 25 �M MG132 at 37°C for
2 h, lysed, and treated with 1% SDS. c-Src was immunoprecipitated, and samples were analyzed by Western blotting with anti-Src (GD11) and
anti-HA (12CA5) antibodies. (B) COS-1 cells were cotransfected with the indicated c-Src constructs and either empty vector or a vector encoding
HA-tagged Cbl. At 48 h posttransfection, cell lysates were analyzed by Western blotting using the indicated antibodies. (C) COS-1 cells transfected
with HA-Cbl alone or with the indicated c-Src constructs were pulse labeled as described in Materials and Methods. Cbl was immunoprecipitated
from cell lysates. The amount of radiolabeled Cbl was quantified by phosphorimaging and plotted relative to the amount at time zero (100%).
Representative data for two independent experiments performed in duplicate are shown.
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mutating Lys at positions 7 and 9 in Fyn results in a defect in
myristoylation. This defect can be rescued by coexpression of
NMT (57). With coexpression with NMT, the defect in myris-
toylation of c-Src5N was rescued, as c-Src5N was myristoylated
�94% as efficiently as c-SrcWT (Fig. 4B). The effects of the 5N
mutation on membrane association and polyubiquitination of
c-Src were then assessed. COS-1 cells were cotransfected with
WT or mutant forms of c-Src, HA-ubiquitin, and NMT. The
cells were subjected to subcellular fractionation, and each frac-
tion was immunoprecipitated with anti-Src antibody and
probed with Src and HA antibodies. The 5N mutant versions of
WT and Y527F c-Src displayed significantly more c-Src protein
in the soluble fraction than their counterparts with native N
termini (Fig. 4C). However, ubiquitinated forms of Src were
detected only in the membrane fractions for WT, Y527F, 5N,
and Y527F/5N c-Src (Fig. 4C). Ubiquitinated forms of non-
myristoylated (G2A) mutants of c-Src were not observed (Fig.
4C), confirming the results depicted in Fig. 3. Despite the
presence of myristoylated c-Src5N in the soluble fraction, no
ubiquitination ladder was evident in this fraction. These results
suggest that membrane association, rather than myristoylation
status, is the primary driving force for directing c-Src ubiquiti-
nation.

In order to test whether membrane binding can reverse a
myristoylation defect, we artificially targeted a nonmyristoy-

lated SFK to the membrane. The membrane targeting se-
quence from K-Ras was attached to the C terminus of Fyn
(57), and the behavior of FynKRas was compared to that of
WT and mutant forms of Fyn. Nonmyristoylated Fyn (G2A)
partitioned mostly in the soluble fraction (70%) and showed
increased levels of expression compared to WT Fyn (Fig. 5A
and B), a finding similar to that observed for c-SrcG2A (Fig.
1A). WT Fyn containing the K-Ras membrane targeting se-
quence exhibited reduced levels of expression compared to
WT Fyn (Fig. 5A), suggesting that tighter membrane associa-
tion because of an additional membrane targeting signal re-
sults in decreased protein stability. Attachment of the K-Ras
tail to G2AFyn redirected nearly all the G2AFynKRas to the
membrane and resulted in a 3.7-fold decrease in protein ex-
pression compared to that for G2AFyn (Fig. 5A and B). This
decrease was reversed (Fig. 5A) when the critical Cys residue
in the membrane targeting signal of K-Ras was mutated
(C552S). These findings indicate that targeting nonmyristoy-
lated Fyn to the membrane results in decreased stability.

To test the dependence of ubiquitination on myristoylation
and membrane association, COS-1 cells were cotransfected
with WT or mutant forms of Fyn and HA-ubiquitin. Ubiquiti-
nated forms of Fyn were observed for WT Fyn and WT-
FynKRas (Fig. 5C). Similar to c-SrcG2A, nonmyristoylated
Fyn (G2A) did not show the presence of a ubiquitin ladder

FIG. 4. Analysis of polybasic cluster mutants of c-Src. (A) COS-1 cells were transfected with the indicated c-Src constructs. At 24 h
posttransfection, lysates were analyzed by Western blotting using anti-SrcGD11 antibody. A representative blot from two independent experiments
is shown. (B) COS-1 cells transfected with the indicated c-Src constructs, with or without NMT, were labeled with the myristate analog
13-[125I]iodotridecanoic acid for 4 h at 37°C. c-Src was immunoprecipitated, and radiolabel incorporation was analyzed by SDS-PAGE and
autoradiography. (C) COS-1 cells were cotransfected with the indicated c-Src constructs, NMT, and HA-tagged ubiquitin. At approximately 24 h
posttransfection, cells were treated with 25 �M MG132 for 2 h at 37°C and then subjected to cell fractionation. Equal volumes of each fraction
were treated with 1% SDS, c-Src was immunoprecipitated, and samples were analyzed by Western blotting, using anti-Src (GD11) and anti-HA
(12CA5) antibodies.
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(Fig. 5C). Notably, high-molecular-weight ubiquitinated forms
were detected for G2AFynKRas but not for the C552S version
of this construct. These results strongly suggest that membrane
targeting can restore polyubiquitination of Fyn even in the
absence of an N-terminal myristate.

Nonmyristoylated c-Src has reduced kinase activity. We
next analyzed the effect of myristoylation on c-Src kinase ac-
tivity. We first performed in vitro kinase assays to quantify the
ability of c-SrcWT and c-SrcG2A to phosphorylate exogenous
substrates. COS-1 cells were transfected with c-SrcWT or
c-SrcG2A. We made two adjustments in an attempt to equalize
expression of the two proteins: smaller amounts of cDNA were
used for c-SrcG2A transfectants, and cells were harvested at 22
to 24 h (rather than 48 h) posttransfection. Under these con-
ditions, similar levels of Src expression were obtained for c-
SrcWT and c-SrcG2A (Fig. 6A and B). c-Src was immunopre-
cipitated from the cell lysates and then subjected to an in vitro
kinase assay, using [�-32P]ATP and either enolase or p130Cas,
a physiologic Src substrate, as exogenous substrates. As de-
picted in Fig. 6A and B, c-SrcG2A was clearly defective in

phosphorylating either substrate, a finding that strongly sup-
ports the conclusion that the myristoylation state of the protein
plays a crucial role in kinase activity.

In order to determine whether nonmyristoylated c-Src could
phosphorylate Cas in cells, SYF fibroblasts (which have high
levels of endogenous p130Cas) were transfected with WT or
mutant forms of c-Src. Cas was immunoprecipitated from the
lysates, and the immunoprecipitates were probed with an-
tiphosphotyrosine antibody. Cells transfected with c-SrcY527F
displayed the highest levels of tyrosine-phosphorylated Cas
(Fig. 6C, middle panel), despite having the lowest levels of Src
present in the lysate (Fig. 6C, top panel). However, when
c-SrcY527F/G2A was expressed, the level of tyrosine-phosphor-
ylated Cas was �3-fold lower. c-SrcWT was able to phosphor-
ylate Cas, whereas cells expressing c-SrcG2A exhibited re-
duced Cas phosphorylation (Fig. 6C, middle panel). These
data clearly demonstrate that myristoylation plays a positive
role in the ability of c-Src to phosphorylate its substrates.

To determine whether membrane association played a role
in regulating kinase activity, we analyzed the distribution of

FIG. 5. Analysis of Fyn mutants containing a K-Ras membrane targeting signal. (A and B) COS-1 cells were transfected with the indicated Fyn
constructs. At 48 h posttransfection, lysates were analyzed by Western blotting with anti-Fyn and antiactin antibodies (A), or cells were subjected
to cell fractionation (B). Equal volumes of each fraction were analyzed by Western blotting, using anti-Fyn antibody, and were quantified using
densitometry. Open bars � S100; closed bars � P100. (C) COS-1 cells were cotransfected with the indicated Fyn constructs and HA-tagged
ubiquitin. At 22 to 24 h posttransfection, cells were treated with 25 �M MG132 for 2 h at 37°C and lysed in RIPA buffer, lysates were treated with
1% SDS, Fyn was immunoprecipitated, and samples were analyzed by Western blotting with anti-Fyn and anti-HA (12CA5) antibodies.
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activated (pY416) c-Src in membrane and soluble fractions by
using 3T3 cells stably expressing c-SrcWT or c-Src5N. Approx-
imately 60% of c-Src5N partitioned in the soluble fraction,
compared to 20% for c-SrcWT (Fig. 6D). On a per-unit basis,
activated c-Src kinase (pY416) was found primarily in the
membrane fraction (Fig. 6E), suggesting that membrane-
bound c-Src is preferentially catalytically active.

Residues lining the predicted myristate binding pocket in
c-Src affect kinase activity. Crystal structures of c-Abl, a re-
lated tyrosine kinase, have shown that the N-terminal myristoyl

group binds to a pocket at the base of the kinase domain and
plays a role in autoinhibiting the kinase (22, 36). Based on the
sequence similarity between the kinase domains of c-Abl and
Src, another study predicted that there could be a potential
“myristate binding pocket” in Src kinase as well (16). However,
several residues lining the predicted binding pocket are bulkier
in c-Src than in c-Abl and are therefore likely to prevent the
myristoyl group from interacting with the kinase domain (36).
We chose to mutate three critical residues, Leu360, Thr456,
and Glu486, in an attempt to make this region more accessible

FIG. 6. Nonmyristoylated c-Src exhibits reduced kinase activity. (A and B) COS-1 cells were transfected with WT or G2A c-Src constructs. At
24 h posttransfection, c-Src was immunoprecipitated and subjected to an in vitro kinase assay using enolase or purified p130Cas. The amounts of
phosphorylated enolase (A) and Cas (B) were quantified by phosphorimaging and plotted as a function of time. Triangles � WT; circles � G2A
mutant. Average data for two independent experiments are shown. Error bars indicate standard deviations. Insets show that equal amounts of
c-SrcWT and c-SrcG2A were immunoprecipitated. (C) SYF cells transfected with WT or mutant c-Src constructs were lysed at 24 h posttrans-
fection, and endogenous Cas was immunoprecipitated. Lysates and immunoprecipitated samples were analyzed by Western blotting with the
indicated antibodies. (D and E) 3T3 cells stably expressing c-SrcWT and c-Src5N were subjected to cell fractionation. Equal volumes of the S100
and P100 fractions were analyzed by Western blotting, using anti-Src (GD11) (D) or anti-phospho-c-Src (Y416) (E) antibody, and were quantified
using densitometry. Combined data for two independent experiments are shown. Open bars � S100; closed bars � P100.
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for myristate binding. If any of these “pocket” mutations result
in opening up the pocket, and if myristate then becomes se-
questered in this pocket, then the mutant protein should be-
have in a manner similar to that of nonmyristoylated c-Src.

COS-1 cells were transfected with constructs encoding WT
or mutant c-Src and then harvested at 48 h posttransfection,
and Src expression, kinase activity, myristoylation, and mem-
brane binding were analyzed. c-SrcWT and all three pocket
mutants showed similar levels of expression (Fig. 7A, left side,

panel 1). As observed earlier, c-SrcY527F was expressed at
lower levels, whereas c-SrcG2A was expressed at much higher
levels than those of c-SrcWT. By adjusting the amount of DNA
transfected and harvesting cells at 22 h posttransfection, equiv-
alent levels of expression were achieved for c-SrcWT,
c-SrcG2A, and the three pocket mutants (Fig. 7A, left side,
panel 2). c-SrcWT and all three pocket mutants exhibited sim-
ilar levels of phosphorylation at Tyr416 and Tyr527 (Fig. 7A,
left side, panels 3 and 4). Although c-SrcG2A displayed similar

FIG. 7. Analysis of single-site “pocket” mutants of c-Src. (A) COS-1 cells transfected with WT and mutant c-Src constructs were lysed at 22
or 48 h posttransfection, and lysates were analyzed by Western blotting with the indicated antibodies. (B) COS-1 cells transfected with WT or
mutant c-Src were lysed at 24 h posttransfection. c-Src was immunoprecipitated and used in an in vitro kinase assay with purified Cas.
Representative data from two independent experiments performed in duplicate are shown. The inset shows that equal amounts of WT and mutant
Src were immunoprecipitated. (C) COS-1 cells transfected with the indicated c-Src constructs were labeled with the myristate analog 13-
[125I]iodotridecanoic acid for 4 h at 37°C. c-Src was immunoprecipitated, and radiolabel incorporation was analyzed by SDS-PAGE and
autoradiography. (D) Lysates from COS-1 cells cotransfected with NMT and WT or mutant c-Src were subjected to cell fractionation and analyzed
as described in the legend to Fig. 1C.
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levels of phosphorylation at Tyr527 to those for c-SrcWT, it
had a significantly reduced signal for phosphorylation at
Tyr416 on a per-unit basis, indicating that autophosphorylation
levels were lower (Fig. 7A, left side, panels 3 and 4). Total
phosphotyrosine (pTyr) content was also reduced in lysates
from cells expressing c-SrcG2A compared to those from cells
expressing c-SrcWT and the other mutants (Fig. 7A, right
panel). In addition, lysates from cells expressing each of the
three pocket mutants exhibited lower pTyr levels than did
those from cells expressing c-SrcWT and c-SrcY527F, espe-
cially in the range of 120 to 130 kDa (Fig. 7A, right panel).

Since Cas is a known endogenous substrate of Src that mi-
grates in the 120- to 130-kDa range, we carried out an in vitro
kinase assay to assess the ability of the pocket mutants to
phosphorylate purified Cas. c-SrcWT displayed robust phos-
phorylation of Cas, but all three pocket mutants were defective
in phosphorylating Cas (Fig. 7B). These data suggest that at
least one of the bands observed in the pTyr blot in the range of
120 to 130 kDa represents Cas (Fig. 7A). Thus, the three
residues in the predicted myristate binding pocket do not play
a physiologic role in the accessibility of the C-terminal Tyr527
residue to Csk but are important for maintaining optimal ki-
nase activity and exogenous substrate phosphorylation.

If mutation of any of the pocket residues resulted in opening
up the pocket for myristate binding and sequestration, we
would expect to observe a shift in the membrane binding prop-
erties of the mutant protein. All three pocket mutants were
myristoylated to the same extent as c-SrcWT (Fig. 7C). The
L360A and E486A c-Src mutants exhibited the same extent of
membrane association (�90%) as that of c-SrcWT (Fig. 7D).
However, introduction of the T456A mutation resulted in a
partial shift of the mutant c-Src into the soluble fraction
(�35% in the soluble fraction and �65% in the membrane
fraction). We therefore tested whether double or triple mu-
tants might exhibit further alterations in membrane binding
and/or kinase activity.

COS-1 cells were transfected with constructs encoding c-
SrcWT or mutants containing the L360A, T456A, and E486A
mutations in double or triple combinations. Similar to the
single-site mutants, all four multisite mutants were expressed
at levels essentially equivalent to those of c-SrcWT at both 22 h
and 48 h posttransfection (Fig. 8A, panels 1 and 3). All of the
mutants exhibited similar levels of phosphorylation at Tyr527
(Fig. 8A, panels 2 and 4) and of myristoylation (Fig. 8B) to
those for c-SrcWT. c-SrcWT as well as the L360A/E486A mu-
tant partitioned �90% in the membrane fraction. However,
constructs containing double and triple mutations of T456
combined with the other two residues exhibited increased dis-
tribution in the soluble fraction. The T456A/E486A mutant
was equally distributed in the soluble and membrane fractions,
and double or triple mutants containing L360A and T456A
partitioned �75 to 80% in the soluble fraction (Fig. 8C).

The subcellular localization of the c-Src pocket mutants was
determined using indirect immunofluorescence. c-SrcWT
showed a characteristic perinuclear distribution and plasma
membrane association, while c-SrcG2A exhibited a scattered
distribution throughout the cytoplasm (Fig. 8D) (18). The dou-
ble (T456A/E486A) and triple (L360A/T456A/E486A) mu-
tants also exhibited perinuclear distribution and membrane
association similar to those of c-SrcWT (Fig. 8D), but in-

creased cytoplasmic staining for both mutants was readily de-
tected, consistent with the fractionation studies. Lastly, in vitro
kinase assays using purified Cas revealed that none of the 3
mutants tested could phosphorylate Cas efficiently (Fig. 8E).
These findings indicate that myristoylation and the pocket res-
idues are important for full activity of c-Src but function in a
manner very different from that for c-Abl.

DISCUSSION

Myristoylation regulates c-Src stability. Tight control of the
levels of c-Src protein and tyrosine kinase activity is critical for
regulation of the growth of normal and cancer cells. Here we
reveal a hitherto unappreciated role of the N-terminal myris-
tate moiety in regulating steady-state levels and kinase activity
of c-Src. In a direct comparison, expression levels of nonmyr-
istoylated (G2A) mutant forms of c-Src were 4- to 6-fold
higher than those of their myristoylated counterparts. The
increased expression could not be attributed to introduction of
a mutated N-terminal residue (Ala), because treatment of cells
expressing c-SrcWT with 2-hydroxymyristate resulted in the
same phenotype as that for c-SrcG2A. Comparison of the rates
of protein synthesis and degradation revealed that c-SrcG2A
exhibits a longer half-life than that of c-SrcWT. These findings
argue that regulation of steady-state levels of c-Src occurs at
the level of protein stability.

Previous studies have established that activated forms of
c-Src are targeted for ubiquitination and degradation. We have
confirmed and extended these findings by showing that non-
myristoylated c-Src does not exhibit the characteristic polyu-
biquitin ladder that is clearly evident for Y527F and WT c-Src
proteins. Thus, it is likely that a lack of or reduced ubiquitina-
tion allows nonmyristoylated c-Src to resist proteasome-medi-
ated degradation. The mechanistic basis for the differences
observed between WT and nonmyristoylated c-Src could be
due to a requirement for the myristate moiety per se in driving
ubiquitination of the protein or a result of the ability of my-
ristate to promote targeting of c-Src to the membrane. Our
data obtained using a polybasic mutant of c-Src and mutants of
Fyn that are artificially targeted to the membrane (Fig. 4 and
5) support the second possibility. However, note that the ubiq-
uitination signal on G2AFynKRas was not as strong as that on
WTFyn or WTFynKRas. It is likely that membrane attachment
via a C-terminal tail rather than the physiologic N-terminal
signal affects protein conformation and possibly restricts ac-
cessibility to the ubiquitination machinery.

Multiple lines of evidence point to the ubiquitin E3 ligase
Cbl as a key regulator of ubiquitination and degradation of the
SFKs Src, Fyn, Lyn, and Hck (7, 9, 20, 24, 27, 42, 61). Inter-
dependent ubiquitination and degradation of Src and Cbl have
also been demonstrated (61). When c-Src and Cbl were coex-
pressed, we observed a decrease in c-SrcWT levels (Fig. 3B)
that was not detected for G2A or K295R c-Src. A significant
amount of c-SrcWT remained even when Cbl was coexpressed,
suggesting that Cbl is not the only E3 ligase that regulates c-Src
stability. This is consistent with findings from other reports that
identified two additional E3 ubiquitin ligases, cullin-5 and
E6AP (32, 37), responsible for modulating SFK ubiquitination
and degradation. However, c-Src expression induced a striking
decrease in the levels of Cbl, and this effect was not observed
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FIG. 8. Analysis of multisite “pocket” mutants of c-Src. (A) COS-1 cells transfected with WT and mutant c-Src constructs were lysed at 22 or
48 h posttransfection, and lysates were analyzed by Western blotting with the indicated antibodies. (B) COS-1 cells transfected with WT or mutant
c-Src constructs were labeled with 13-[125I]iodotridecanoic acid, and radiolabel incorporation into c-Src was analyzed as described in the legend
to Fig. 7C. (C) Lysates from COS-1 cells cotransfected with NMT and WT or mutant c-Src were subjected to cell fractionation and analyzed as
described in the legend to Fig. 1C. (D) COS-1 cells transfected with WT or mutant c-Src were analyzed at 48 h posttransfection for c-Src expression,
using indirect immunofluorescence. (E) COS-1 cells transfected with WT or mutant c-Src were lysed at 24 h posttransfection. c-Src was
immunoprecipitated and used in an in vitro kinase assay with purified Cas. Combined data from two independent experiments are shown. Error
bars indicate standard deviations. The inset shows that equal amounts of WT and mutant Src were immunoprecipitated.
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with c-SrcG2A (Fig. 3). Moreover, association with and phos-
phorylation of Cbl by c-SrcG2A were reduced compared to
those with c-SrcWT (data not shown). A subpopulation of Cbl
proteins has been reported to be membrane bound, and mem-
brane binding enhances the ability of Cbl to ubiquitinate mem-
brane-bound targets (24, 54). Our data suggest that the re-
duced accessibility of nonmyristoylated c-Src to Cbl and other
E3 ubiquitin ligases limits the extent of c-SrcG2A ubiquitina-
tion and degradation and contributes to the increased expres-
sion levels compared to those of c-SrcWT.

The pocket that binds myristate in c-Abl does not sequester
myristate in c-Src. Biochemical and structural studies of c-Abl
indicate that myristate binds within a deep hydrophobic pocket
at the base of the c-Abl tyrosine kinase domain (22, 36).
Cowan-Jacob et al. (16) solved the crystal structure of a par-
tially active, unphosphorylated form of c-Src and showed that
the C-terminal tail binds to a “pocket” equivalent to the c-Abl
myristate binding pocket (36). In the autoinhibited form of
c-Src, the C-terminal tail is phosphorylated and would be ex-
truded from the pocket. Based on the sequence similarity be-
tween c-Src and c-Abl, it was suggested that myristate could
now bind in the c-Src pocket (16). NMR spectroscopic data
(16) suggested that myristate can bind to the phosphorylated
(Tyr527) form of c-Src, but the exact site of myristate binding
was not determined. Using the PYMOL molecular graphics
program, we modeled the structures of inactive, phosphory-
lated c-Src (59) and c-Abl (36) within the predicted regions of
similarity. The predicted “pocket” in c-Src exists but is much
narrower than the myristate binding pocket in Abl due to steric
hindrance by the c-Src bulky side chains (data not shown). Our
modeling also indicated that the side chains of the residues
lining the wall protrude into the predicted “pocket” and there-
fore would interfere with any potential myristate binding.
Cowan-Jacob et al. suggested that minor conformational
changes might allow this “pocket” to accommodate myristate
within the inactive, Tyr527-phosphorylated form of c-Src (16).
However, a study by Nagar et al. notes that three of the critical
residues that line the myristate binding pocket within c-Abl are
replaced by bulkier residues in c-Src (36), and they predicted
that these bulkier residues would block binding of myristate to
this site in c-Src. Here we verified the latter prediction by
showing that WT, activated, and kinase-inactive forms of c-Src
are all almost entirely (80 to 90%) membrane bound (Fig. 1),
consistent with myristate being in an “exposed” conformation.
Extensive studies by our laboratory and others have estab-
lished that myristate is a major contributor to membrane as-
sociation of Src (13, 44, 46, 47, 50, 53). If myristate were
partially or totally sequestered within c-Src, we would have
expected to detect a significant amount of soluble, myristoy-
lated c-Src. Further support for our claim that myristate does
not bind in the pocket region of c-Src comes from studies of
GNF-2, an allosteric inhibitor of Bcr-Abl. GNF-2 binds within
the myristate binding pocket of Abl and inhibits Bcr-Abl ki-
nase (62), but this compound has no effect on the kinase
activity of c-Src or other SFKs (2). We concluded that the
pocket that binds myristate in c-Abl does not perform an anal-
ogous function for c-Src, making it unlikely that c-Src under-
goes a myristoyl switch.

We tested whether mutagenesis of the three critical pocket
residues in c-Src could artificially open the pocket to accom-

modate binding of a myristate moiety. Mutation of two of the
three residues, L360 and E486, either alone or in combination,
had no effect on c-Src membrane binding or subcellular local-
ization (Fig. 7 and 8). However, mutation of T456, either alone
or in combination with L360 and/or E486, resulted in increased
amounts of c-Src in the soluble, cytosolic fraction. One expla-
nation for these findings is that upon mutagenesis of the crit-
ical pocket residues in c-Src to mimic those of c-Abl, c-Src
undergoes an artificially induced myristoyl switch and is re-
leased from the membrane. It is important, however, that the
T456A mutants still retained membrane localization and ex-
pression levels characteristic of c-SrcWT and thus did not fully
mimic the behavior of c-SrcG2A. Thus, at this point, genera-
tion of an artificial myristoyl switch remains a speculation.
Alternatively, myristate may become partially sequestered in
the pocket mutants, but not in the pocket region. It is
possible that the pocket mutations expose a different region
of c-Src that accommodates myristate binding. Another pos-
sibility is that the pocket residues might be involved in
positioning of the kinase and/or SH2 domains, both of which
have been shown to play a role in promoting membrane asso-
ciation of c-Src (51). In the absence of a three-dimensional
structure for myristoylated c-Src, further extensive mutagene-
sis would be required to distinguish among these possibilities.

Myristoylation regulates c-Src tyrosine kinase activity. My-
ristoylation negatively regulates the tyrosine kinase activity of
c-Abl. Here we show that the opposite is true for c-Src. Assays
performed in vitro and in cells revealed that nonmyristoylated
forms of c-Src exhibited reduced levels of tyrosine kinase ac-
tivity (Fig. 6). This finding is in agreement with another report
that noted lower kinase activity in unsynchronized cells for
c-SrcG2A than that for c-SrcWT (8). Mutation of the myris-
toylation site in Lck, another SFK, has been shown to result in
reduced kinase activity (1). Treatment of cells with the methi-
onine aminopeptidase inhibitor bengamide A blocks removal
of the initiator methionine residue and thereby prevents N-
myristoylation. c-Src synthesized in bengamide A-treated cells
exhibits decreased kinase activity, both in vitro and in vivo (25).
We concluded that myristate plays a positive role in regulating
c-Src kinase activity.

Regulation of c-Abl tyrosine kinase activity is due to inter-
action of its N-terminal myristate with residues in the myristate
binding pocket. We explored the contributions of three critical
pocket residues to the kinase activity of c-Src. Our data clearly
demonstrate that mutation of each of these three residues to
Ala, in single, double, or triple combinations, resulted in a
reduction of c-Src kinase activity. It is unlikely that the de-
creased kinase activities observed for all of the pocket mutants
can be attributed to insertion of myristate into the pocket,
because membrane binding and subcellular localization of the
L360 and E486 mutants, either alone or in combination, were
not altered. No apparent changes in the extent of Tyr527
phosphorylation were detected, suggesting that accessibility of
the C-terminal tail to Csk was not affected by the mutations.
The defect in kinase activity observed for the c-Src pocket
mutants could potentially be due to changes in the conforma-
tion of the kinase domain and/or positioning of other domains
rather than to the position of myristate within the protein.

How does myristate enhance the tyrosine kinase activity of
c-Src? One possibility is that by mediating insertion into a lipid
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bilayer in the cell or into a detergent micelle in vitro, myristate
serves to orient c-Src molecules in a conformation optimal for
kinase activity. Autophosphorylation of c-Src, which is neces-
sary for activation, is believed to occur via an intermolecular
reaction (10, 15). Alignment of myristoylated c-Src molecules
along a lipophilic surface may facilitate close or oriented pack-
ing of c-Src polypeptides and thereby promote phosphoryla-
tion in trans. Our finding that c-SrcG2A exhibits decreased
levels of autophosphorylation at Tyr416 is consistent with this
hypothesis.
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